12 ͞Sm 13 codoped aluminosilicate glass optical fiber was fabricated by use of modified chemical-vapor deposition in conjunction with an aerosol-delivery technique. A permanent index change of 7.6 3 10 25 was induced in the fiber by irradiation of 1 W of multiline output from an Ar-ion laser. Bleaching of a broad absorption band of Sm 12 in the visible range was also observed, and it is believed that photoionization of Sm 12 ! Sm 13 1 e plays an important role in the induced photorefractivity.
Sm ions can exist in the divalent state with a chemical stability comparable with that of Eu 12 and Yb 12 .
In an aluminosilicate glass host the ions also exist in the trivalent state. Photochemical hole burning of Sm 12 in various glass hosts at room temperature was reported 1 ; this hole burning was attributed to the photoionization of Sm 12 to Sm 13 . Recently, photoinduced second-harmonic generation was also observed in Sm-doped f ibers 2 ; the increase in the concentration of Sm 13 was the result of the photoionization of Sm 12 . Photosensitivity of a Eu 12 ͞Eu 31 -doped aluminosilicate fiber in the 4f 6 5d 1 ͑e g ͒ ! 4f 7 absorption band of Eu 12 centered around 250 nm was also reported. 3 The center of the 4f 5 5d 1 ! 4f 6 absorption band of Sm 12 ions, which is isoelectric to the Eu 12 ions, was observed in the 400-500-nm region in aluminosilicate glass. 4 Motivated by the UV photorefractivity of Eu 12 ions, whose transition is isoelectric to that of Sm 12 ions in the blue-green region, and by previous studies related to the photoionization of Sm 12 , we have fabricated a Sm 12 ͞Sm 13 -doped aluminosilicate f iber in an attempt to shift the photorefractive wavelength from the UV to the blue-green region, in which high-power Ar-ion laser lines are available. For the f irst time to our knowledge, we report photorefractivity in the blue-green region in a Gefree aluminosilicate glass fiber doped with Sm 12 ͞Sm 13 in aluminosilicate glass f iber. The Sm 12 ͞Sm 13 -doped aluminosilicate fiber was fabricated by modified chemical-vapor deposition with an aerosol technique developed at Brown University. 5 The cladding layers were fabricated by conventional modif ied chemical-vapor deposition. Two core layers were deposited with an aerosol liquid precursor. The precursor solution was composed of 8 mL of tetra ethyl ortho silicate (TEOS), 3 mL of aluminum sec butoxide, and 0.3 g of tetramethyl hepanedionato Sm dissolved in 12 mL of methoxyethyl acetate. Aluminosilicate host was chosen in the core to favor the divalent state of Sm ions. 4 The preform was drawn into 6.7͞122-mm fiber, and the core-cladding index difference Dn was 0.0026.
Codoping of Sm 12 and Sm 13 was confirmed by both emission and excitation spectroscopy. In Fig. 1 varying pump wavelength between 200 and 600 nm, we obtained the dotted curve in Fig. 2 . These broad bands indicate an electric-dipole-allowed d-f transition nature and are identif ied as the transitions from the ground state 4f 6 to 4f 5 5d 1 ͑e g ͒ and 4f 5 5d 1 ͑t 2g ͒ of Sm 12 in accordance with previously reported results in bulk aluminosilicate glass. 4 Note that in addition to these broad bands the excitation spectrum of Sm 12 also shows narrow lines of f ! f transitions. This is not found in Eu 12 . The energy levels of Sm 12 and Sm 13 are suggested in Fig. 3 .
Comparing the intensity of absorption and emission bands, we found the majority of the Sm ions to be in the 13 state, producing prominent absorption bands near 1500 nm. We estimated that the Sm 13 concentration is of the order of 1000 parts in 10 6 and that the Sm 12 concentration is significantly lower.
We measured the LP 11 mode cutoff wavelengths of the Sm-doped f ibers by applying the power-step technique. 6 Following the Comite Consultatif Internationale Telephonique et Telegraphic recommendation, 6 the 2-m-long sample f iber had a 28-cm-diameter loop in the middle. The output of the white-light source was a 50-mm core fiber with an FC connector that was coupled to our sample f ibers with another FC connector. This satisfied an overf illed launching condition into the Sm-doped fibers, which were then connected to an optical spectrum analyzer with another FC connector. The spectral output from the sample f iber, P 1 ͑l͒, was compared with that of a multimode f iber with a 50-mm core diameter, P 2 ͑l͒, by use of the relative intensity given by 10 log 10 ͓P 1 ͑l͒͞P 2 ͑l͔͒. The cutoff wavelength, l c , is related to the index difference ͑Dn n 1 2 n 2 ͒ by l c Х ͑2pa͞V c ͒ ͑2n 2 Dn͒ 1/2 , where n 1 , n 2 , a, and V c are the core index, the cladding index, the core radius, and the cutoff normalized frequency, respectively. In an ideal step-index f iber V c 2.405 for the LP 11 mode and is dependent on the drawing conditions and the actual prof ile of the core index. Thus any significant change in the core index during irradiation by the laser can be inferred from the change in the cutoff wavelength of the fiber. In the experiment care was taken to maintain identical measurement conditions, especially the length of the fiber and the launch condition. When irradiated by multiline output from an Ar laser, the Sm-doped fiber showed significant changes in the cutoff wavelength and the transmission spectra. The change in the cutoff wavelength of the f iber is shown in Fig. 4 . The incident Arion laser power was 1 W, and the preparation time Fig. 4 . Shift of the LP 11 mode cutoff wavelength in the Sm-doped f iber before and after irradiation by an Ar-ion laser. The incident power was 1 W, and the Ar-ion laser was operated in the multiline mode. to achieve this change was ϳ 20 min. The Ar-ion laser operated in the multiline mode, and the wavelengths of individual lines were 514.5, 501.7, 496.5, 488.0, 476.5, 472.7, 465.8, 457.9, and 454.5 nm. The optical power of the 514.5-nm line was 0.4 W, and that of the 488-nm line was 0.3 W. The UV component of incident Ar-ion laser was not detected after the beam passed through a focusing microscopic lens. After irradiation, the cutoff wavelength shifted from 811 6 1 to 799 6 1 nm for 10 sample f ibers. Assuming that only the core index was changed, the average of the photoinduced index change was calculated to be 27.6 3 10 25 , which is comparable with that of Eu-doped fiber.
A prominent transmission increase in excess of 5 dB͞m was also observed in the blue-green region and is shown in Fig. 5 . This transmission change is of particular interest because it indicates bleaching of an absorption band in the blue-green range. Comparing the change in transmission with the excitation spectrum of Sm 12 in Fig. 2 , we find that both spectra have a broad and structureless band that extends from the blue-green region to beyond 600 nm. Hence we suggest that it is the Sm 12 absorption band that was photobleached by Ar-ion laser irradiation, resulting in the transmission change. Furthermore, this bleaching model can explain the negative sign of the photoinduced refractive-index change in this system by use of Kramers -Kronig relations.
The excited-state absorption in Sm 12 has been reported in various host materials. 7 Once an electron is excited to the 4f 6 5d 1 ͑e g ͒ levels of Sm 12 ions by absorption of a blue-green photon, it relaxes to the lower-lying 5 D 0 level with a typical lifetime in the millisecond range. Owing to the relatively long excitation lifetime, the electron can be excited from the 5 D 0 level to higher-lying energy levels such as the higher J levels in 4f 6 or the 4f 5 d 1 levels. Depending on the excitation wavelength and the host material, the electrons can be further excited to the conduction band of the host and then photoionized. This process has been suggested as a primary mechanism in persistent hole burning of Sm 12 ͞Sm 13 -doped glass 1 as well as second-harmonic generation 2 and is believed to play an important role in the photosensitivity of this f iber. The codoping of Sm 12 and Sm 13 ions in an aluminosilicate glass f iber was confirmed spectroscopically, and energy-level diagrams of the ions in the glass were suggested. A permanent index decrease induced by irradiation of multiline outputs of an Ar-ion laser is believed to be closely related to the observed bleaching of Sm 12 -ion absorption bands.
